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SYSTEMS AND METHODS FOR MATCHING
SCENES USING MUTUAL RELATIONS
BETWEEN FEATURES

CROSS REFERENCES TO RELATED
APPLICATIONS

This application 1s a divisional of pending U.S. patent
application Ser. No. 12/644,559 entitled “SYSTEMS AND
METHODS FOR MATCHING SCENES USING

MUTUAL RELATIONS BETWEEN FEATURES”, filed on
Dec. 22, 2009, which 1s incorporated herein by reference.

BACKGROUND

Typical approaches for matching objects from diflerent
images are typically descriptor based. That 1s, they are
designed to detect things centammg suilicient information to
be considered interesting and unique within the scene. From
any such object, features are extracted which allow calcu-
lation of a description vector that contains suflicient infor-
mation to 1dentify the object within the scene. The particular
description vectors are selected to be mvariant to expected
transformations of the scene. That 1s, for an expected trans-
formation, the derived description vector should remain a
valid representation for describing the object, despite the
transformation. One fundamental problem with the descrip-
tion vector approach 1s that to design a description vector
that tulfills some desired properties, other must be given up.
For example, 1t 1s not possible to produce a description
vector that 1s generically invariant to all transformations.
Instead, you must choose a particular set of transformations
that you want to be mvariant to. The more generic the
description vector becomes, a greater number of objects 1n
the scene will appear similar. This weakens the ability of a
description vector to uniquely describe a single object. The
more generic the description vector, the less descriptive it
becomes. The design of the description vector must there-
fore be tuned to a specific situation, rendering its usefulness
very limited in other situations. There are cases, thought,
when descriptor based methods cannot be used. Other
approaches using relational matching techniques as opposed
to description vectors have been proposed. To date however,
approaches using relational matching techniques have been
limited 1n their ability to reliably handle three-dimensional
real world scenes.

For the reasons stated above and for other reasons stated
below which will become apparent to those skilled 1n the art
upon reading and understanding the specification, there 1s a
need in the art for improved systems and methods for
matching scenes.

SUMMARY
The Embodiments of the present invention provide meth-
ods and systems for matching scenes using mutual relations
between features and will be understood by reading and
studying the following specification.

Embodiments of the present invention provide improved
systems and methods for matching scenes. In one embodi-
ment, a processor for implementing robust feature matching,
between 1mages comprises: a lirst process for extracting a
first feature set from a first image projection and extracting
a second feature set from a second image projection; a
memory for storing the first feature set and the second
teature set; and a second process for feature matching using
invariant mutual relations between {features of the first
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feature set and the second feature set; wherein the second
feature set 1s selected from the second image projection
based on the identification of similar descriptive subsets
between the second image projection and the first 1image
projection.

DRAWINGS

Embodiments of the present invention can be more easily
understood and further advantages and uses thereol more
readily apparent, when considered 1n view of the description
of the preferred embodiments and the following figures 1n
which:

FIG. 1 1s a block diagram illustrating projection matching
using mutual relations of one embodiment of the present
invention;

FIG. 2 1s a flow chart illustrating a process for robust
feature matching using mutual relations between features of
one embodiment of the present invention; and

FIG. 3 15 a block diagram illustrating one embodiment of
the present ivention.

In accordance with common practice, the various
described features are not drawn to scale but are drawn to
emphasize features relevant to the present invention. Ret-
erence characters denote like elements throughout figures
and text.

DETAILED DESCRIPTION

In the following detailed description, reference 1s made to
the accompanying drawings that form a part hereotf, and in
which 1s shown by way of specific illustrative embodiments
in which the mvention may be practiced. These embodi-
ments are described in suil

icient detail to enable those
skilled 1n the art to practice the mvention, and 1t 1s to be
understood that other embodiments may be utilized and that
logical, mechanical and electrical changes may be made
without departing from the scope of the present invention.
The following detailed description 1s, therefore, not to be
taken 1n a limiting sense.

Embodiments of the present imnvention provide systems
and methods for matching different projections of a real
world scene using a concept referred to herein as the
matching of mutual relations between features rather than
description vectors that describe the features. Mutual rela-
tions suitable for matching may be defined between features
that are mutually static over the time in chosen reference
frame. For example, when a sensor captures a scene and
produces a 3-dimentional projection of the scene (such as a
point cloud captured by Light Detection and Ranging (LI-
DAR) technology device) one mutual relation would be a
distance between any two mutually stable points in the
projection. That 1s, a mutual relation will represent a differ-
ence 1n a physical or tangible property with respect to
objects 1n the scene. Sets of mutual relations are then used
to determine how objects (or features of objects) are posi-
tioned with respect to each other. This 1s 1n contrast to the
description vector, which only describes how the objects
look. For example, a distance between a corner of one object
and a corner ol another object would represent one mutual
relation with respect to those two objects. Differences in
temperature indicated by a thermal 1image of a scene would
be a basis for defining a mutual relation between features in
another embodiment as could be features such as reflectance
and color 1n still other embodiments. Further, sets of mutual
relations may be based on features such as, but not limited
to, distances, areas, angles, solid angles, volumes, general-
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ized areas or volumes to higher dimensions, central
moments or a histogram. For example, 1n one embodiment
a set of features includes planar features with the angles
between normal vectors of the planar features as invarant
relations.

Which mutual relations to use 1 a given application 1s
situation specific for the anticipated transformation that will
be applied to capture images and generate the projection. For
example, when a LIDAR sensor scans a scene, 1t generates
a 3-dimentional point cloud projection of that scene. When
two projections are obtained of a single scene from two
different places using LIDAR, the resulting transformation
will differ 1n rotation and translation, but not scale. A camera
type 1mage capturing device, 1 comparison, produces a
2-dimentional image. The 2-dimentional 1mage represents a
projection of the scene onto a plane. The projection of the
same scene captured twice from different places using a
camera will differ—the 3D to 2D projection has infinite
number ol possibilities and some or all of the features
extracted from such projection will differ 1n shape, size and
need not be present in some of the projections at all due to
occlusions.

Accordingly, the nature of any property chosen for match-
ing mutual relations of features must consider the transior-
mation applied by the particular sensor used. In addition, the
characteristics of the particular situation 1n which images are
being captured must be considered. For example, 1 vou
know that your LIDAR sensor 1s not rotating and 1s always
facing the same direction, you may anticipate that a property
such as a diflerence 1n object altitude from the ground may
form the basis for a mutual relation between objects, as well
as a distance between the objects. As long as the property 1s
invariant (1.e., agnostic) to the transformation applied, then
that property may be used for matching mutual relations
using embodiments of the present invention. Accordingly,
embodiments of the present mvention are not limited to
matching 2dimensional or 3-dimensional projections using,

cameras and LIDAR sensors. In fact, sensors providing
transformations mto 1 dimension, 4 dimensions, 5 dimen-

sions, or greater are anticipated as within the scope of

embodiments of the present invention.

FIG. 1 1s a block diagram 1llustrating projection matching,
using mutual relations of one embodiment of the present
invention shown generally at 100. An 1mage capturing
device 110 captures a first projection (P1) of a real world
scene 105. Either at a subsequent point 1n time or from a
different location, 1mage capturing device 110 captures a
second projection (P2) the real world scene at 102. Because
image capturing device 110 might have moved from the
between capturing P1 and P2, these respective projections
are assumed to represent different views of real world scene
105.

For projection P1, a feature extraction at 120 extracts
features of interest that appear 1n the projection P1 to form
feature set A. Similarly, feature extraction at 122 extracts
features of interest that appear 1n the projection P2 to form
teature set B. For example, for 2-dimentional photographic
image projections, features of interest may include objects
and surfaces such as floors, walls, corners, curved or linear
edges of objects, and the like. Defining characteristics of any
physical object may be extracted as a feature from a pro-
jection. For 3-dimentional LIDAR produced projections,
points of a point cloud projection can be defined as features.
Alternatively, lines, curves or planes defined by points
within the point cloud can also be defined as extractable
teatures for form set A and set B.
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Robust feature matching using mutual relations 1s applied
to the features of set A and the features of set B at 130.
Unlike matching available 1n the prior art, robust feature
matching at 130 i1dentifies corresponding features from set A
that appear 1n set B using mutual relations between features
contained 1n feature sets A and B. From the features of set
A and the features of set B, 1t 1s possible to determine how
the 1mage capturing device 110 moved from the time 1t
captured P1 to the time 1t captured P2. The minimum
number of features suilicient from each projection P1 and P2
to define the respective transformation associated with the
movement ol 1mage capturing device 110 1s referred to
herein as the “minimal subset”. Accordingly, each minimal
subset defined for set A includes at least a number n of
features from set A where n 1s based on the number of mutual
relations that are mathematically necessary to calculate a
transformation between the two projections P1 and P2. This
number n 1s a function of both the particular type of
projection utilized by the image capturing device, and the
known physical dynamics affecting the 1mage capturing
device. In addition, the number n for forming a minimal
subset may depend on the type of mutual property that will
be used for matching. For example, 1n the one embodiment
where the set of features includes planar features with the
angles between normal vectors of the planar features as
invariant relations, the number n for forming a minimal
subset would be three.

As would be appremated by one of ordmary skill 1n the art
upon studying this specification, different image sensors
technologies will apply different projection transformations
to a real world scene. For example, a camera typically
projects a real world scene onto a 2-dimentional planar
surface. A LIDAR scan projects the same real world scene
as a point-cloud into a 3-dimentional space. The particular
image sensors technology used by image capturing device
110 at least partially determines how many features are
su

icient to define a mimimal subset. For example, 1n the
case of the 3-dimentional projection produced by a LIDAR,
when 3 features are identified in a projection P1, and the
same 3 features can be identified 1n projection P1, 1t 1s
possible to use knowledge of the locations of the features(in
two distinct camera reference frames) to determine how the
LIDAR moved. That 1s, a pair of 3-point subsets from set A
and set B (each point being a feature, for example) 1is
suflicient to estimate a transformation that explains the
difference between P1 and P2. In contrast, for an image
capturing device that generates 2-dimensional projections
onto a plane, a subset of at least 5 features 1s suthicient. That
1s, 5 features 1n the projection P1 that corresponds to 5
features 1n projection P1 are suflicient to estimate the
transformation undergone, or a finite number of 1ts hypoth-
€ses.

Physical dynamics affecting image capturing device 110
also play a factor in determining n. For example, in one
embodiment the number of extracted features suflicient to
form a minimal subset may be reduced 1f 1t 1s known that
rotation of the image capture device 110 1s not possible.
Alternatively, the number of extracted features suflicient to
form a minimal subset may be reduced 11 1t 1s known that the
image capture device 110 produces projections that are
invariant to scaling or some other efl

ect. The number n of
features to include in a minimal subset for a particular
application are readily determined by one of ordinary skill in
the art upon reading this specification using their knowledge
of the particular transformation utilized by the sensor they
plan to use and the anticipated application for which the
sensor will be used. Utilization of more than n features to
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form subsets 1s also contemplated as within embodiments of
the present invention. In that case, the term “descriptive
subset” 1s used herein and defined as a subset that contains
at least a minimal subset of n features.

In operation, robust feature matching between projections
P1 and P2, using mutual relations between features 1is
achieved as follows: Given the set A of features derived from
projection 1 (P1), and the set B of features derived from
projection 2 (P2), a transformation T will exist between the
projections P1 and P2 that 1s defined, often 1 an over-
determined system, by feature set A and set B. A family of
mimmal subsets of features ¢ belonging to P1, and a family
of minimal subsets of features d belonging to P2 form what
is referred to herein as a family of feature pairs ( [c{1},
d{1}], [ci2}.d{2}], [c{3}.d{3}] . . . [c{n},d{n}]). In other
words, [c{1}, d{1}] . . . up to [c{n}, d{n}] include all
mimmal subsets of A and B respectively, belonging to the
projections P1 and P2 that define a transformation T between
P1 and P2. For example, in one embodiment 50 to 60
mimmal subsets are obtained coming from set A and set B,
that belong to projection P1 and projection P2. Together they
are used to define the transformation T. Mutual relations
between features 1s the technology described herein that
determines which feature d{q} from d most likely corre-
sponds with a particular feature c{p} from c. A process of
one embodiment of the present invention 1s described in
FIG. 2.

FIG. 2 illustrates a process for robust feature matching
using mutual relations between features of one embodiment
of the present mvention. The process begins at 210 with
defining a first descriptive subset (c_,) from a feature set A
extracted from a first image projection. In one embodiment,
the descriptive subset ¢, 1s chosen randomly from all the
extracted features available for the first image projection 1n
feature set A. In another embodiment, descriptive subset c_
1s chosen based on a predefined pattern or a non-uniform
random distribution that favors desired properties. For
example 1 one embodiment, a descriptive subset c_, 1s
selected to include three feature points that are not co-linear.
This will avoid defimng descriptive subsets that provide
singular solutions. Further, in one embodiment descriptive
subset ¢ 1s selected to avoid defining a subset having
features that are close together relative to other available
features 1n the projection to avoid solutions sensitive to
noise. In one embodiment, selection of a descriptive feature
subset 1s achieve by a random, pseudorandom, quasi-random
or any deterministic process, including a setup where a
check for the set suitability 1s mcluded.

In another embodiment, to aid i1n the selection of features
for minimal subset c_,, mutual relations between features are
optionally pre-processed, pre-sorted, or indexed. For
example, referring back to FIG. 1, in one embodiment, after
feature sets A and B are extracted from projections P1 and
P2, one or both are saved as a feature table 145 1n a memory
210

In one embodiment, the feature table 145 1s optionally
sorted so that the mutual relations representing the greatest
differential for a selected characteristic appear first in the
table. In another embodiment, the feature table 145 1s sorted
so that sequential sets of features for set A and/or set B are
not co-linear. Thus, 1n one embodiment, selecting the first
mimmal subset ¢, of features from the first image projection
simply comprises sequentially selecting features starting
from the top of feature table 145. Using this approach, those
mimmal subsets most likely to produce accurate solutions
with the least noise will be used first. In certain applications,
such pre-processing of the mutual relations allows the
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system to converge at a quality solution more quickly than
one based on a pure random selection of features based on
a uniform-distribution. In some embodiments, the table of
mutual relations 1s indexed to allow a quick lookup of
similar values to speed up the search for the matching
minimal subsets. In general, any mdexing method used in
the database environment may be used.

The process proceeds to 220 with selecting a second
descriptive subset (d_,) from a feature set B extracted from
a second 1mage projection. The features for second descrip-
tive subset d_, are selected so that mutual relations between
its features are most similar to the mutual relations between
the features of descriptive subset c_,. The first and second
descriptive subsets are then said to define a pair of descrip-
tive subsets. As used herein, similarity 1s a measurement of
the relation between the features selected above that define
the mutual relations between features (for example, distance
between features, angles between features, or areas or vol-
umes defined by features). In other words, being similar in
the sense used herein means that the pair of descriptive
subsets ¢, and d_, share approximately the same value for
the mutual relation properties that are invariant with respect
to the transformation T. More than one relation type may be
used. For example, 1n one embodiment where 3-dimentional
point-clouds are being matched, one similarity in the sense
use herein 1s defined by traditional geometric triangle con-
gruency. That 1s, three points 1n ¢, would each have a
mutual relation between them (their distance from each
other) that can be used to define three sides of a triangle. In
other embodiment, similarity 1s determined by estimating
the variances and/or co-variance of the used invariant prop-
erties and using such information to determine the feature
correspondences using a statistical test.

Using this iformation, selecting a corresponding mini-
mal subset from feature set B, in one embodiment, would
comprise finding a descriptive subset d , that defines a
triangle having dimensions approximately the same as the
triangle defined by c_,. In another embodiment, the area of
the triangle defined by the minimal subset could be used as
a single scalar similarity parameter. That 1s, an alternative
similarity measure for determining a descriptive subset d_,
1s be based on finding a triangle from the features of set B
having an area similar to the area of the triangle defined by
descriptive subset ¢_,. Congruency based on other shapes,
areas and/or volumes definable from the values held in a
descriptive subset can form the basis for determining a
similarity of mutual relations.

As would be appreciated by one of ordinary skill 1n the art
upon reading this specification, 1t 1s not necessary that an
exact match between ¢, and d_, must be found. In practice,
that will seldom happen. Instead, a value 1s “close enough”
to be considered a match between any descriptive subsets ¢
and d_, whose parameters are similar enough to be consid-
ered congruent. Multiple means for determining such geo-
metric congruency are known and may be readily applied by
one of ordinary skill in the art reading this specification. For
that reason, they are not repeated here.

In some circumstances, more than one minimal subset
from set B may be found that 1s congruent to descriptive
subset ¢ ,. In one embodiment, the descriptive subset that 1s
the most congruent with descriptive subset c_, 1s selected as
descriptive subset d ,. However, when multiple candidates
for d_, meet a given congruency criteria, it 1s best to consider
all of the candidates, each paired with descriptive subset c_,
in the process described 1n FIG. 2. As explained above,
pre-filtering all the possible triangles 1n set B by their area
into a lookup table 1435 decreases the number of combina-
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tions that have to be considered to find a match for descrip-
tive subset c_,. Matching based on a mutual relation such as
point distances involves more calculation and 1n some
embodiments, 1t 1s therefore performed on the pre-filtered
data set known to already fulfill the simpler—scalar—
relation similarity.

The method proceeds to 230 with calculating a transior-
mation T from the pair of similar descriptive subsets chosen
above to form a hypothesis H. For example, for the descrip-
tive subset pair ¢, and d_, determined above, the transior-
mation T forms the basis for a hypothesis H{c_,, d.,}. In one
embodiment, using the properties used to determine simi-
larity, transformation T 1s calculated using a method derived
from the specific situation. As would be appreciated by one
of ordinary skill 1n the art upon reading this specification, the
transformation derived 1s not necessarily a linear operation,
but may also be a combination of several linear operations
(rotation +translation), for example. In some cases, 1t may be
linear but 1n the general case a linear operation 1s not
necessarily expected. As would be appreciated by one of
ordinary skill in the art upon studying this specification,
there are several methods known for calculating a transior-
mation T from the pair of similar minimal subsets chosen
above to form the hypothesis H. References that describe
such calculations include: D. Nister, An efficient solution to
the five-point relative pose problem, IEEE Transactions on
Pattern Analysis and Machine Intelligence (PAMI), 26(6):
756-770, Jun. 2004; Hartley, R.1., In defence of the 8-point
algorithm, proceedings, Fiith iternational Conference on
Computer Vision, 1064-1070, Jun. 1993; and Horn, Berthold
K. P., Closed-form solution of absolute ovientation using
unit quaternions, Journal of the Optical Society of America
A, Vol. 4, page 629, Apr. 1987, which are each incorporated
herein by reference.

Solving for transformation T forms the basis for a first
hypothesis H. That 1s, H describes a hypothesis that
describes movement of the image capturing sensor 110
between the capture of projections P1 and P2, along with the
two sets of data that support this transformation hypothesis,
as described below. When an estimate ¢ " 1s calculated using
the hypothetic transformation (for example, ¢, =1(c,,)) the
more accurately transformation T retlects the actual move-
ment of the image capturing sensor, the more closely ¢
will equal d_.

Thus, the method proceeds to 240 with evaluating the
quality of hypothesis H. Various means are known to those
of ordinary skill in the art for determiming the reprojection
hypothesis quality. In one embodiment, a mean (squared)
reprojection error of the features in the scene 1s determined
for different hypotheses H and compared. In another
embodiment, the quality of hypothesis H 1s determined from
the relative number of inlier points that appear when the
hypothetic transformation T 1s applied to either part of, or
the entire feature set A. That 1s, in one embodiment, an A' 1s
calculated using A'=T(A) and the similarity between A' and
B 1s determined. The closer A' resembles B, the better the
quality of H. The choice of a particular metric used to
determine the quality of H for embodiments of the present
invention 1s selected based on the specific projection type,
type of features 1n the set A, and/or the transformation
undergone; 1n general 1t allows the relative quality of dif-
ferent H’s to be compared against each other. In one
embodiment, each hypothesis His stored into memory. The
method then proceeds to 250 with storing a final hypothesis
transformation H, mnto a memory device. The final trans-
formation H, represents the best estimated hypothesis H
based on the quality metric.
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As shown at 260, blocks 210 to 240 are iteratively
repeated each time finding at least one similar descriptive
subset d,_ 1n set B for every selected descriptive subset ¢,
from set A, and deriving from each resulting descriptive
subset pair [c,,, d, ] a hypothetic transformation T{ c,,
d,, }, further forming the hypothesis Hic,,, d._}, together
with those features from sets C and D, that support this
hypothetic transformation. As would be appreciated by one
of ordinary skill in the art, general speaking, a process for
repeatedly generating and testing hypotheses using evalua-
tion by the other set members, as described 1n blocks
210-240 1s sometimes referred to as a RanSaC estimation
method. The H{c,,, d,,} found from the iterations having
the best quality as determined block 240 1s stored into the
memory device as Hj,.

The method above produces two very useful products.
The first product 1s an output in the form of the best
hypothesis H; stored into the memory device. The final
hypothesis H; defines a transformation T, that represent a
best estimation of how an 1image sensor moved. As such, T,
may be used to transform the features appearing in P1 into
P2, or match features appearing in P1 with corresponding
teatures 1n P2. In other words, an object 1identified 1n the first
image can be 1dentified and located in the second image
using H,. As an example, 1n case of 3D to 2D perspective
projection (matching of camera images), by applying the
best hypothetic transformation T; on A, any feature of set A
will produce a projection A' and the number of those
projections A' that line up with a epipolar lines belonging to
corresponding features in set B will be maximized.

In one embodiment, the solution for H; 1s applied to the
practical field of self navigating vehicles. FIG. 3 1s a block
diagram 1illustrating one embodiment of the present inven-
tion. In this embodiment, a sell navigating vehicle 300
includes an 1image capturing device 310 and a processor 320
implementing a robust feature matching using mutual rela-
tions process 325, such as described above with respect to
FIG. 2.

In one embodiment, in operation, 1mage capturing device
310 captures a first image of a real-world scene 305. In one
embodiment, vehicle 300 has at least approximate knowl-
edge of 1ts own coordinates with respect to the reference
frame of the real-world scene 304 as 1t captures the first
image. Vehicle 300 subsequently travels to a second location
and captures a second 1mage of the real-world scene 305.
From the first and second 1mage, processor 320 calculates
and stores into memory 3135 a final hypotheses H,, In one
embodiment, vehicle 300 then determines coordinates for 1its
new position by applying the transformation T ; belonging to
the best hypothesis H; to 1ts coordinates 1n the navigation
frame. The difference 1n coordinates can also be used to
determine vehicle parameters such as, but not limited to,
vehicle 300°s velocity (when time between 1image captures
1s known), heading, and orientation (1.e., yaw, pitch and
roll). In another embodiment, vehicle 300 applies the trans-
formation T, belonging to final hypotheses H, to known
obstacles previously identified in the first image to estimate
the relative position of those objects at 1ts new location, even
when those particular objects do not appear in the second
image. As this suggests, 1t 1s not necessary for the two
images used for determining hypotheses H, to be com-
pletely overlapping images of a scene, as long as common
features can be extracted from the two 1images. It 1s also not
necessary for the two images used for determining hypoth-
eses H, to be sequentially taken. Images taken minutes,
hours, days or years apart can be processed against current
images as long as the 1images are at least overlapping images
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of a relatively static scene 305. Further, 1t 1s not necessary
for the 1mages to be captured by the same 1mage capturing
device 310. Images captured from multiple 1mage capturing
devices can be used as long as they implement the same
transformation when capturing the scene into a projection.
Also, the two projections for which the feature matching 1s
desired do not have to be captured by the same capturing
device at two times, but equivalently by two or more devices
at the same time or some may be generated from the apriori
known data.

In another embodiment, 1n operation, 1mage capturing
device 310 captures an 1mage of a real-world scene 305.
Using apriori given map of features, the processor 320
calculates a match between features from the image and
features 1n the map. The final hypothesis H, then defines the
position of the vehicle 300 in the navigation reference frame
aligned with the map.

In another embodiment, the solution of H, 1s readily
applied to the field of automated map building using vehicle
300 or to obtain the matching feature pairs (or larger sets) for
triangulation or reprojection purposes, such as for the 3D
stereoscopic reprojection. For example, with alternate
embodiments of the present invention, static features 1den-
tified 1n one 1mage projection can be correlated to similar
features 1dentified 1n a second 1mage projection 1n order to
combing the two 1mages into a third image that preserves
information regarding the relative position of objects in the
two i1mages. By repeating this process, as vehicle 300
travels, a map 1s developed and saved imnto memory 3135 that
can serve for various purposes, 1t might be used, for
example, to 1dentily pathways that can be traversed without
hindrance from obstacles or 1t might serve for navigation of
other vehicles, etc. Similarly, in other embodiments, the
processor 320 applies robust feature matching using mutual
relations process 325 to create a mosaic 1mage 1n memory
315 from separate captured images, by overlapping corre-
lating features from feature set A and onto feature set B.

The second usetul product stored into the memory 1s the
set of paitred features from respective feature sets A and B
that explain the hypotheses H. That 1s, for each feature of
set A that was extracted from a first projection, the process
325 above 1dentifies a corresponding member 1n feature set
B which 1s linked through a transformation defined by the
final hypotheses H,. These pairs are also stored in memory
315. To the degree hypotheses H 1s correct, features of set
A, and those features of transformed hypotheses Hj , rep-
resent the same features of the same physical objects from
real world scene 305. These corresponding members define
member pairs which can readily be used to take a particular
feature from the first projection and identily where that
feature exists in the second projection. Similarly, these
corresponding members can be used to confirm that a
physical arrangement of objects 1n a current 1image corre-
sponds to a physical arrangement of objects obtained 1n a
previous 1mage using a least squares fit (or similar evalua-
tion) based on the member pairs. For those members of the
two feature sets that mutually supported the best hypothesis,
a common solution for the transformation T can be enumer-
ated by a least-squares method or other over-determined
system parameter estimator.

Several means are available to implement the systems and
methods of the current invention as discussed in this speci-
fication. These means include, but are not limited to, digital
computer systems, microprocessors, general purpose coms-
puters, programmable controllers and field programmable
gate arrays (FPGAs). For example, 1n one embodiment, a
processor 320 1s implemented within vehicle 300 by an
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FPGA. In one embodiment, that FPGA 1s programmed to
carry out robust feature matching using mutual relations
process 325 by executing an algorithm that implements the
method of FIG. 2.

Therefore other embodiments of the present invention are
program instructions resident on computer readable storage
media devices which when implemented by such means
cnable them to implement embodiments of the present
invention. Computer readable storage media devices include
any form of a physical computer memory device. Examples
of such a physical computer memory device include, but 1s
not limited to, punch cards, magnetic disks or tapes, optical
data storage system, flash read only memory (ROM), non-
volatile ROM, programmable ROM (PROM), erasable-pro-
grammable ROM (E-PROM), random access memory
(RAM), or any other form of permanent, semi-permanent, or
temporary memory storage system or device. Program
instructions include, but are not limited to computer-execut-
able 1nstructions executed by computer system processors
and hardware description languages such as Very High
Speed Integrated Circuit (VHSIC) Hardware Description
Language (VHDL).

Although specific embodiments have been 1illustrated and
described herein, 1t will be appreciated by those of ordinary
skill 1n the art that any arrangement, which 1s calculated to
achieve the same purpose, may be substituted for the specific
embodiment shown. This application 1s intended to cover
any adaptations or variations of the present invention. There-
fore, 1t 1s manifestly intended that this invention be limited
only by the claims and the equivalents thereof.

What 1s claimed 1s:

1. A navigation system for a vehicle, the navigation

system comprising:
an 1mage capturing device that produces projections of
surrounding scenes;
a processor coupled to the image capturing device, the
processor having a process for robust feature matching
using invariant mutual relations between features; and
a memory coupled to the processor, wherein the proces-
SOT':
defines a first descriptive subset of features, including
at least one minimal subset, from a feature set A
extracted by at least one processor from a first image
projection,

selects at least two second descriptive subsets from a
feature set B extracted by the at least one processor
from a second 1mage projection, the at least two
second descriptive subsets correlated to at least two
mimmal subsets, which meet a congruency criteria
with the first descriptive subset of features from the
feature set A, wherein the at least two second
descriptive subsets are selected based on a similarity
of invariant mutual relations between features of one
of the at least one minimal subset 1n the first descrip-
tive subset and nvariant mutual relations between
features of the at least two minimal subsets in the at
least two second descriptive subsets, wherein the
first descriptive subset and the at least two second
descriptive subsets define at least two pairs of similar
descriptive subsets,

calculates at the at least one processor a transformation
T from at least one of the at least two pairs of similar
descriptive subsets to form a hypothesis H,

evaluates at the at least one processor a quality of the
hypothesis H,
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stores the hypothesis H into a memory device, the
hypothesis H including transformation T and a plu-
rality of paired features that support the hypothesis
H,
selects a final hypothesis H, having a high quality as
determined by a quality metric, the method further
comprising at least one of:
determining coordinates for a new position by apply-
ing the transformation T belonging to the selected
final hypothesis H, to coordinates 1n a navigation
frame; and
generating a map in the memory device for navigat-
ing a vehicle, the map based on matching features
from the first image projection with the second
image projection.

2. The navigation system of claim 1, wherein the proces-
sor obtains at least one of the first projection and the second
projection from projections captured by the image capturing,
device.

3. The navigation system of claim 1, wherein the proces-
sor: defines a plurality of descriptive subsets of features
from the feature set A;

selects, for each of the plurality of descriptive subsets
from the feature set A, at least two descriptive subsets
from the feature set B based on a similarity of invariant

mutual relations between features to form a plurality of
similar descriptive subset pairs;

calculates a hypothetic transformation T for each of the

plurality of similar descriptive subset pairs to form at
least one hypothesis H; and

stores 1nto the memory a plurality of paired features that

support the final hypothesis H;, where the plurality of
paired features include a feature from the feature set A
and a feature from the feature set B.

4. The navigation system of claim 1, wherein the proces-
sor determines a distance to an object based on a best
transformation T, and plurality of paired features that sup-
port the final hypothesis H.

5. The navigation system of claim 1, wherein the proces-
SOr

determines a number n of features to include 1n the first

descriptive subset based on:

a type of projection utilized in the image capturing
device to generate the first image projection from a
real-world scene; and

an anticipated transformation undergone between the
first 1mage projection and the second 1mage projec-
tion.

6. The navigation system of claim 1, wherein the simi-
larity of invariant mutual relations between features 1s based
on a geometric congruency.

7. A processor for implementing robust feature matching
between 1mages, the processor comprising;
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a first process for extracting a feature set A from a first
image projection and extracting a feature set B from a
second 1mage projection;

a memory for storing the feature set A and the feature set
B;

a second process for feature matching, the second process
including:

defines a first descriptive subset of features, including at
least one minimal subset, from the feature set A
extracted,

selects at least two second descriptive subsets from the
feature set B, the at least two second descriptive subsets
correlated to at least two minimal subsets, which meet
a congruency criteria with the first descriptive subset of
features from the feature set A, wherein the at least two
second descriptive subsets are selected based on a
similarity of invariant mutual relations between fea-
tures of one of the at least one mimimal subset 1n the

first descriptive subset and mvariant mutual relations
between features of the at least two minimal subsets 1n

the at least two second descriptive subsets, wherein the
first descriptive subset and the at least two second
descriptive subsets define at least two pairs of similar
descriptive subsets,

calculates at the at least one processor a transformation T

from at least one of the at least two pairs of similar
descriptive subsets to form a hypothesis H,
cvaluates at the at least one processor a quality of the
hypothesis H,
stores the hypothesis H into a memory device, the hypoth-
esis H including transformation T and a plurality of
paired features that support the hypothesis H,
selects a final hypothesis H; having a high quality as
determined by a quality metric, the method further
comprising at least one of:
determining coordinates for a new position by applying
the transformation T belonging to the selected final
hypothesis H; to coordinates 1n a navigation frame;
and
generating a map in the memory device for navigating
a vehicle, the map based on matching features from
the first 1mage projection with the second image
projection.

8. The processor of claim 7, wherein the second process
pre-processes one or both of the feature set A and the feature
set B 1nto a feature table sorted such that invariant mutual
relations representing a greatest differential for a selected
characteristic appear first 1n the feature table.

9. The processor of claim 7, wherein the feature set A and
the feature set B include planar features with invarnant
mutual relations including angles between normal vectors of
the planar features; and

wherein the similar descriptive subsets are based on

minimal subsets of three features.

% o *H % x



	Front Page
	Drawings
	Specification
	Claims

